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doi:10.1016/j.jtcvs.2007.04.048bjectives: We created a new vascular clip designed for aortic surgery. The purposes
f this investigation were to examine surgical applicability in a clinically relevant aortic
eplacement model and to assess biomechanical strength of the clipped anastomosis and
erial histologic changes in the clipped anastomotic site.
ethods: Twenty-one beagles underwent descending thoracic aortic replacement.
istal anastomosis was performed with the new clips, mimicking the cuffed anas-
omosis technique, and proximal anastomosis was carried out by conventional
uture anastomosis. Tissue specimens of the anastomotic sites were harvested at 1,
, 6, and 12 months postoperatively for examination.
esults: There was no significant difference in the time required to carry out clip
nastomosis (12.2 1.3 minutes) and suture anastomosis (13.7  0.9 minutes; P
38). Neither type of anastomotic site was disrupted by raising the intraluminal
ressure to 280 mm Hg. Microscopically, the areas of aortic wall compressed by
ascular clips appeared as hyalinized areas adjacent to surrounding collagen fibers,
ith no significant infiltration of inflammatory cells. Identical histologic changes
ere observed at the site of the sutured anastomosis. The media at the clipped
nastomosis site was significantly thinner than that at the sutured anastomosis site
t 1 month after the operation. However, there was no significant difference in the
hickness of the media at 3 months.
onclusions: The new vascular clips were effective in this clinically relevant model,
ith appropriate biomechanical strength, and the anastomotic sites underwent
imilar histologic changes to those observed after suture anastomosis.
urgical time and intraoperative and postoperative bleeding are important
factors determining the immediate outcome of surgery.1-4 Automatic staplers
have quickly become accepted in gastroenterological surgery because they
re technically easy to use and allow operations to be carried out more quic5 It
as expected that new methods of carrying out vascular anastomosis quickly and
ith minimal bleeding would be developed on the basis of new technologies6-9 In
955, Samuels10 introduced a method of vascular repair by V-shaped stainless 
lips and used them in the closure of longitudinal arteriotomy wounds and single
nd double anastomoses of the aorta in dogs. The clips never gained wider use in
ascular surgery, however. In general, potential advantages of the vascular clips
ver sutures include technical ease of application, reduced anastomotic time, supe-
ior hemodynamics, and improved healing pattern of the anastomosis. Disadvan-
ages include the potential problems in atherosclerotic vessels, lack of prospective
andomized long-term follow-up, and initial costs.
In the 1980s, a new, nonpenetrating, arcuate-legged titanium vascular closure staple
lip was developed by Kirsch,11 Zeebregts,12 Leppaniemi,13 and others for brain
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ETascularization by the superficial temporal artery–middle ce-
ebral artery anastomosis and has subsequently been used in
xperimental studies to perform different types of microvas-
ular anastomoses. However, these clips are very small, 0.3
m in width, and require the vessel wall to be everted before
hey can be applied. This type of vascular clip has never
ecome widely used in aortic surgery because it is difficult to
vert large vessels that have a large diameter and circumfer-
nce. Hence, we designed and manufactured new vascular
lips that are large enough for aortic procedures, with a
.4-mm span between the two prongs on the ipsilateral side,
et compress only a small area of aortic wall, and which can be
sed to perform aortic anastomosis without everting the aortic
all.
aterials and Methods
ascular Clips and Clip Anastomosis
he vascular clips tested in the present study were made from
tainless steel (type SUS304) and were designed to minimize the
ortic wall area that is compressed when they are applied (F
). The clips were designed by us. The clips are approxima
m long and have a 3.4-mm span between the two prongs on the
psilateral side. Vascular anastomosis with our clips mimics the
uffed anastomosis technique14 (Figure 2).
perative Procedure
wenty-one beagles underwent replacement of the descending
horacic aorta. The beagles were treated in accordance with the
eclaration of Helsinki and the Guiding Principles in the Care
Abbreviations and Acronyms
ANOVA analysis of variance
EM  elastica–Masson
ePTFE  expanded polytetrafluoroethylene
HE  hematoxylin–eosin24 The Journal of Thoracic and Cardiovascular Surgery ● Septee
5
nd Use of Animals of the American Physiologic Society. The
xperimental and animal care protocol was also approved by the
nimal Care Committee of Tohoku University School of
edicine.
Thiopental was used for induction of anesthesia, and general
nesthesia was maintained by sevoflurane inhalation. The descend-
ng thoracic aorta was exposed through the fifth intercostal space
nd taped at the fifth intercostal level. After we administered 200
U/kg of heparin intravenously, a temporary shunt was established
etween the left common carotid artery and the right femoral
rtery, and the descending thoracic aorta was clamped. The de-
cending aorta was replaced with a prosthetic graft 8 mm in
iameter (Ube-junken Co, Tokyo, Japan). The operative time
equired to perform each anastomosis and the shunting time were
ecorded, and mean operative time per anastomosis was calculated
or the last 9 operations after our procedures became steady. On
verage, 5 new vascular clips were used to perform the distal
nastomoses, and a continuous 5–0 polypropylene suture (Ethicon,
nc, Somerville, NJ) was used for the proximal anastomoses. An
xpanded polytetrafluoroethylene sheet (Kouno Co, Chiba, Japan)
as used to reinforce both anastomotic sites. The aorta was un-
lamped after the anastomosis was complete. When no further
leeding was assured, the shunt was removed. Protamine was not
iven. The wound was closed and the animal later regained
onsciousness.
ssessment
fter 1 month (8 animals), 3 months (9 animals), 6 months (2
nimals), and 12 months (2 animals), the animals were killed to
llow assessment of the anastomoses. The two different types of
nastomotic sites were compared with respect to operative time per
nastomosis, macroscopic findings, aortographic findings, the
trength of the anastomotic site, and microscopic findings.
acroscopic Findings
e checked for the presence or absence of disruption of the native
ortic tissue at the anastomotic sites and observed the retained
lips.
Figure 1. Vascular clips, open (left)
and closed (right). The clips were man-
ufactured from stainless steel (type
SUS304) and were designed to mini-
mize the area of aortic wall area that is
compressed when they are applied.mber 2007
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ETortographic Analysis
ortography was carried out with digital subtraction angiography
or live animals 1 month (3 animals), 3 months (3 animals), 6
onths (1 animal), and 12 months (2 animals) after the operation.
ntraluminal Pressure Test
e defined the strength of the anastomotic site as the strength
gainst the stresses at the anastomotic site including internal pres-
ure, longitudinal stretch, and external oppression. As the most
linically relevant biomechanical examination, the strength of the
nastomotic sites was assessed by an intraluminal pressure test 1
onth and 3 months after the operation (specimens from 3 animals
t each time point). The specimens used for the test were the whole
escending aorta including the distal and proximal anastomotic
ites and the prosthetic graft, comprising at least 3 cm of untreated
ative aorta attached to the distal and proximal anastomotic sites.
fter the specimens were fitted into the closed-circuit testing
ystem using the native aorta, the interior pressure of the aorta was
aised by injecting saline, and the anastomotic sites were moni-
ored. The interior pressure was maintained above 280 mm Hg for
minutes. This testing pressure and duration were chosen because
n humans, blood pressure rises above 245 mm Hg (systolic) and
60 mm Hg (diastolic) briefly during weightlifting,15 and postop-
rative patients would transiently experience this degree of high
lood pressure. The anastomotic site was immediately evaluated
acroscopically after application of pressure.
istopathologic Analysis
fter each animal was killed, the entire descending thoracic
orta was resected and fixed in 4% formalin solution under 0
m Hg pressure for 24 hours. The two anastomotic sites were
xcised from the specimen, and the clips were gently removed.
Figure 2. Vascular anastomosis using the new clips
transected aorta, and an expanded polytetrafluoroethy
anastomotic line was aligned, and then multiple (usuall
was turned inside-out. Anastomosis using these clipshe tissue was stained with elastica–Masson (EM) and hema- r
The Journal of Thoracicoxylin– eosin (HE) for microscopic examinations to determine
he mean thickness of the media at the anastomotic site and
istologic changes of the aortic wall. Control sections were
repared in the same manner from tissue located 1 cm proximal
o the anastomosis site, which corresponded to untreated native
ortic wall.
Thickness of the media. The thickness of the media at the
lipped anastomosis sites (Tc) and the sutured anastomosis sites
Ts) was measured. The same measurements were also carried out
or control sections, which comprised tissue located 1 cm proximal
o the anastomosis site (Tn), corresponding to untreated native
ortic wall. The cross-sectional area of the media (Am) and the
uter (Do) and the inner (Di) circumferences of the media
ere measured by EM stain. These values were used to calculate
he mean thickness of the media for each section, which was
efined as follows16: Tc, Ts, and Tn  2Am/(Di  Do). The mean
alues of Tc/Tn and Ts/Tn were used as relative measures of the
hickness of the media.
Degrees of inflammatory reaction. The degrees of inflamma-
ory reaction were assessed on the basis of the literature.17,18 Using
he inflammation score, the inflammatory reaction was quantita-
ively classified from 0 to 3: 0  no cell infiltration; 1  sparse,
ocal infiltration of neutrophils, lymphocytes, and plasma cells; 2
focal infiltration of neutrophils, plasma cells, and lymphocytes;
nd 3  diffuse infiltration of neutrophils, plasma cells, and
ymphocytes.
Degrees of hyaline formation. The degrees of hyalinization
ere assessed on the basis of the area of the hyaline formation. The
ongitudinal-sectional area of the aortic wall (AA) and the hyaline
ormation (HA) at the anastomotic site were measured for each
ection by HE stain. The mean values of HA/AA were used as
An inverted prosthetic graft was inserted into the
(ePTFE) sheet was placed around the aorta. B, The
6 ) vascular clips were applied. C, The prosthetic graft
ics the cuffed anastomosis technique.. A,
lene
y 5 to
mimelative measures of the area of the hyaline formation.
and Cardiovascular Surgery ● Volume 134, Number 3 725
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ETtatistical Analysis
omparisons of the data between the two anastomosis types were
erformed by the Student unpaired t test. Data for each anastomo-
is type for different time points were analyzed by 1-way analysis
f variance (ANOVA) (SPSS.11.5 for Windows; SPSS, Chicago,
ll). Experimental results are expressed as mean  standard error
f the mean.
esults
perative Time
here was no significant difference in the operative time
equired per anastomosis between the clipped anastomosis
nd the sutured anastomosis (clipped anastomosis 12.2 
.3 minutes vs sutured anastomosis 13.7  0.9 minutes; P
.38). The average shunting time was 47 minutes. An
dditional clip was required to control bleeding from the
nastomotic site in 2 animals, but applying it took only 5
econds to complete. In suture anastomoses, 6 animals
equired additional sutures for hemostasis, and each proce-
ure took about an additional 30 seconds to obtain hemo-
tasis. However, we could not demonstrate the difference in
dditional procedures for hemostasis between the two anas-
omotic techniques statistically.
ortographic and Macroscopic Findings
here were no pseudoaneurysm formation or leakage at
ither the proximal or distal anastomotic sites on aortogra-
hy. The absence of disrupted tissue and retained clip con-
Figure 3. Thickness of the media at the anastomotic si
the media at the anastomotic site is expressed as a ra
significant.our was confirmed by macroscopic observation. t
26 The Journal of Thoracic and Cardiovascular Surgery ● Septentraluminal Pressure Test
he intraluminal pressure test was carried out after 1 and 3
onths (using specimens from 3 animals at each time
oint). No anastomotic site of either type was disrupted by
aising the intraluminal pressure to 280 mm Hg for 2
inutes.
istopathologic Analysis
Thickness of the media. The media at the clipped anas-
omotic site was significantly thinner than that at the sutured
nastomotic site 1 month after the operation (clip anasto-
osis 35%  6% of control vs sutured anastomosis 65% 
% of control; P  .05), but there was no significant
ifference in media thickness between the two types of
nastomotic sites after more than 1 month postoperatively
at 3 months: clipped anastomosis 36%  2% of control vs
utured anastomosis 44%  3% of control; P  .051; at 6
onths: 56%  16% of control vs 49%  7% of control; P
.73; at 12 months: 41%  11% of control vs 61%  5%
f control; P  .25) (Figure 3).
Serial changes in the medial thickness at anastomosis
ithin the respective anastomotic modality at the 4 different
ime points were analyzed by ANOVA. There was no sta-
istically significant difference in the medial thickness
hroughout the follow-up.
Histologic changes in the aortic wall
THE DEGREES OF INFLAMMATORY REACTION. The inflamma-
, 3, 6, and 12 months postoperatively. The thickness of
f normal control untreated native aortic wall. n.s., Nottes 1
tio oion score was either 0 or 1 in each type of anastomosis at
mber 2007
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ETach time point during the follow-up. There was no differ-
nce between the two anastomosis types in terms of inflam-
atory reaction.
THE DEGREES OF HYALINE FORMATION. There was no
ifference between the two anastomosis types (at 1 month:
lipped anastomosis 8.9%  1.8 % vs sutured anastomosis
3.0%  2.8%; P  .43; at 3 months: 23.5%  6.3 % vs
9.0%  2.9%; P  .49, at 6 months: 21.8%  5.8%
s 28.5%  2.6%; P  .49, at 12 months: 26.9%  3.3%
s 21.6%  3.3%; P  .39). Serial changes in the degrees
f hyaline formation at anastomosis within the respective
nastomotic modality at the 4 different time points were
nalyzed by ANOVA. There was no statistically significant
ifference in the degrees of hyaline formation throughout
he follow-up.
Regions of aortic wall that were compressed by vascular
lips appeared as hyalinized areas adjacent to the surround-
ng collagen fibers at 1 month postoperatively. These areas
ere not significantly associated with infiltration of inflam-
atory cells. Identical histologic changes were observed at
he sutured anastomotic sites (Figure 4). Anastomotic s
f both types were histologically stable after 1 month post-
peratively. After 12 months, hyalinization was obvious and
arginal calcification was observed at regions of the aortic
all that were compressed by vascular clips, but infiltration
f inflammatory cells was not notably seen. Identical histo-
ogic changes were observed at the sutured anastomotic d
The Journal of Thoracicites (Figure 5). Anastomotic sites of both types were
ologically stable 12 months postoperatively. We examined
he development of neointimal formation. However, we did
ot recognize appreciable difference in the neointimal for-
ation between the two anastomotic types.
iscussion
n this clinically relevant model of descending thoracic
ortic replacement, we demonstrated that it is feasible to
pply those clips to thoracic aortic surgery without exces-
ive operative time compared with conventional suture
nastomosis technique. We also confirmed that biomechani-
al strength of the anastomotic site created with our new
lips was comparable with that of suture anastomosis when
ssessed with endoluminal pressure test. Furthermore, we
evealed that histologic changes that the anastomotic site
nderwent were essentially the same as those observed after
uture anastomosis in the long term.
lips
he four-pronged shape of the newly developed clip was
hosen because carrying out the anastomosis would be time-
onsuming if the clip had only two prongs. If a plate shape had
een used, the area of tissue compressed by the clips would
ave been too large. For the dogs used in this study, whose
Figure 4. Histologic changes in the
anastomotic sites of the aortic wall 1
month postoperatively. A, Clipped
anastomotic site. The region of aortic
wall that was compressed by a vascu-
lar clip appears as a hyalinized area
(large arrow) adjacent to the surround-
ing collagen fibers (small arrow). This
area was not associated with infiltra-
tion of inflammatory cells (original
magnification 40). A-1, Elastica–
Masson stain; A-2, hematoxylin–eosin
stain). B, Sutured anastomotic site.
Identical histologic changes were ob-
served as for the clipped anastomotic
site (original magnification  40). B-1,
Elastica–Masson stain; B-2, hematoxy-
lin–eosin stain.escending thoracic aorta was 10 mm in diameter, the clips
and Cardiovascular Surgery ● Volume 134, Number 3 727
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ETere 5 mm long and 3.4 mm wide. Five or six clips were
eeded to complete each anastomosis.
The ends of the prongs of these clips were sharp, but the
lip’s shape can be modified with respect to the sharpness of
he prongs as well as the length and the width of the prongs.
he next step will be to evaluate the shape of this clip in a
ock circulation system by using anastomotic models with
reater than 20-mm diameter vessels, equal to the diameter of
he human aorta. The clips used in this study were manufac-
ured from stainless steel (type SUS304). This material is
nown to be durable and not subject to corrosion fatig19
owever, there is room for us to assess other materials, such as
itanium, which has been widely used in the human body.
lip Anastomosis
he clip anastomosis technique used in this study mimics
he cuffed anastomosis method that is widely performed
linically. Although this clip technique can be performed at
he proximal site as well, we used the clip on the distal end
ecause we had an image on our mind to apply clip anas-
omosis practically in a deep surgical field. In our study, the
dditional time required to achieve complete hemostasis
as not measured precisely, because we believed that the
ncidence of bleeding from the suture line might also de-
end on the performer’s skill rather than the methodologic
ifference. As recorded facts in our notes, an additional clip
as required to control bleeding in 2 animals; this took only
seconds to complete. In suture anastomoses, 6 animals fi
28 The Journal of Thoracic and Cardiovascular Surgery ● Septeequired additional sutures for hemostasis. Each procedure
ook about an additional 30 seconds to obtain hemostasis.
lthough we could not demonstrate the difference in addi-
ional procedures for hemostasis between the two anasto-
otic techniques statistically, we had a good sense that the
isk of bleeding from the suture line was less with the clip.
When a customized long, flexible application tool, to-
ether with a customized removal tool and forceps, are
eveloped, the clips and tools will permit the minithora-
otomy surgical approach (in which endoscopic and video-
copic vascular procedures are used) to be used for aortic
urgery in operative fields that have hitherto been inacces-
ible. These devices will also reduce the operative time
equired to accomplish anastomosis relative to conventional
uture anastomosis. In fact, our clip anastomosis technique
as efficacious in a deep surgical field with intentionally
imited access area when we performed some experiments
s a pilot study. In short, we could carry out clip anasto-
osis in 2 animals setting up a deep surgical field using a
ylinder 15 cm in height and 7.5 cm in diameter. It is
onjectured that the minithoracotomy surgical approach will
e the situation in which our clips play an indispensable
ole.
With regard to durability of clip anastomosis, no anas-
omotic sites of either type were disrupted by raising the
ntraluminal pressure to 280 mm Hg for 2 minutes. This
Figure 5. Histologic changes in the
anastomotic sites of the aortic wall 12
months postoperatively. A, Clipped
anastomotic site. The region of aortic
wall that was compressed by a vascu-
lar clip appears as a hyalinized and
calcified area (large arrow) adjacent
to the surrounding collagen fibers
(small arrow). This area was not asso-
ciated with infiltration of inflammatory
cells (original magnification  40). A-1,
Elastica–Masson stain; A-2, hematoxy-
lin–eosin stain. B, Sutured anastomotic
site. Identical histologic changes were
observed as for the clipped anastomotic
site (original magnification  40). B-1,
Elastica–Masson stain; B-2, hematoxy-
lin–eosin stain. Anastomotic sites of
both types were histologically stable 12
months postoperatively.nding suggests that the clipped anastomotic site bears
mber 2007
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ETquivalent strength to the suture anastomotic site against
adial force. However, other modes of biomechanical test-
ng including longitudinal stretch test and distortion test will
e required, especially after 3 months’ interval before its
ntroduction to clinical arena.
onsideration of Histopathologic Consequences
he important factors affecting anastomotic strength have
een identified by many studies.20 –28 Tensile strength born
y a prosthetic vascular graft, suture material, and the aortic
all are the three components related to anastomotic
trength. As far as aortic wall strength is concerned, medial
lastic fibers29,30 and neoadventitia20 –23 are the two dete-
ining factors. When there is not an appreciable difference
n the adventitial area between the two modes of anastomo-
is, the medial thickness would be a target of interest.
The media at the clipped anastomosis sites was signifi-
antly thinner than that at the sutured anastomosis sites 1
onth postoperatively, but there was no significant differ-
nce between the two types of anastomosis sites 3 months
ostoperatively, since the medial thickness at the suture
nastomosis decreased between 1 month and 3 months
ostoperatively. However, that change in the medial thick-
ess per se did not reach the statistical significance analyzed
y 1-way ANOVA test. The aortic specimens from 12-
onths’ follow-up were almost identical to the ones from
-month follow-up, which may implicate that medium-term
tability of the clipped aortic anastomosis.
One of the possible concerns on the anastomotic sites cre-
ted with vascular clips is blockage of the vasa vasorum to the
ortic wall by chronic compression of the localized aortic wall.
owever, this was not the major drawback of the clipped
nastomosis using our newly created clips as evidenced in the
esults of serial histopathologic changes that the clipped anas-
omotic sites underwent. Hyalinization was, in fact, present at
he clipped anastomotic sites, but the degree of hyalinization
id not exceed that in suture anastomosis. After 1 month
ostoperatively, the anastomotic site underwent no new reac-
ive changes such as inflammatory reaction (assessed 3, 6, and
2 months postoperatively), and there were no marked histo-
ogic changes during the mid-term follow-up. In fact, it may
ot be conclusive that an absence of inflammatory reaction is
eneficial. However, it may be said that an absence of inflam-
atory infiltrates may not cause further exacerbating condi-
ions such as on the tissue.
We consider that the tissue at the anastomotic site had
ompletely healed by 3 months postoperatively and that this
ondition was maintained thereafter.
onclusions
e reached the following conclusions: (1) The new vascu-
ar clips were suitable for use in this clinically relevant
ortic replacement model; (2) the time required to carry out
The Journal of Thoracicascular anastomosis using the new vascular clips was the
ame as that for suture anastomosis; (3) clipped anastomo-
es have appropriate biomechanical strength against high
nternal pressure; and (4) histologic changes observed at
nastomotic sites where multiple vascular clips had been
laced were essentially the same as those observed after
uture anastomosis.
We express our appreciation to Masaki Ooi, Takatomo Ush-
yama, and Junichi Yamazaki for their technical support with the
ntraluminal pressure tests. We also thank Dr Takuya Moriya for
ssistance with histologic analysis and Dr Shoko Komatsu for her
dvice on statistical analysis.
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